Heavy ion beams are a high-LET radiation that has greater biological effect than electron beams or X-rays. However, little is known about the effect of heavy ion beams on the proliferation and differentiation of human hematopoietic stem/progenitor cells (HSPCs). The present study examined the effect of heavy ion beams on gene expression in human HSPCs, especially during early stage of megakaryocytopoiesis. Human CD34 + cells were exposed to monoenergetic carbon-ion beams (290 MeV/nucleon, LET = 50 KeV/m) that were generated by an accelerator (Heavy Ion Medical Accelerator in Chiba). The expression of various genes related to early hematopoiesis, megakaryocytopoiesis/erythropoiesis, cytokine receptors and oxidative stress were analyzed by real-time RT-PCR. Friend leukemia virus integration 1, an early hematopoiesis-related gene, showed significantly higher mRNA expression than the control at 6 hr after irradiation. In contrast, no significant differences were observed in almost all of the other early hematopoiesis-related genes, cytokine receptor-coded genes and megakaryocytopoiesis/erythropoiesisdifferentiation pathway-related genes, respectively. An analysis of the response of the genes to oxidative stress revealed the expression of heme oxygenase 1 to show a 1.5-fold and 11.9-fold increase from the day 0 control at 24 hr after 0.5 Gy and 2 Gy irradiation, respectively. Similarly, the NAD(P)H dehydrogenasequinone 1 expression also showed a 22.0-fold and a 21.8-fold increase at 6 hr in comparison to the initial control. These results showed that the heavy ion beams affect megakaryocytopoiesis/ erythropoiesis differentiation of human HSPCs on the gene expression level.
INTRODUCTION
Heavy ion beams are a type of high-LET radiation that has a greater biological effect than electron beams or X rays. It can provide effective radiation therapy to deep malignant tumors. [1] [2] [3] [4] In addition, since these particles also pose high risks for both nuclear accident victims and astronauts participating in space missions, [5] [6] [7] both their risks and potential benefits must be determined. Although hematopoietic stem/ progenitor cells (HSPCs) are developmentally native and sensitive to many types of stress, including ionizing radiation and chemotherapeutic drugs, [8] [9] [10] no precise studies have yet addressed the effects of heavy ion beams on HSPCs. In particular, the differentiation pathways from human hematopoietic stem cells through megakaryocytic progenitors to megakaryocytes are extremely sensitive to ionizing radiation. 11) Currently, concentrated platelet transfusion is the only therapy to treat thrombocytopenia caused by many hematological diseases, as well as after hematopoietic stem cell transplantation, intensive chemotherapy or radiotherapy; 12) however, repeated platelet transfusion increases the risk of alloimmunization, bacterial and viral infection and transfusion reaction. [13] [14] [15] [16] However, little information has so far been reported regarding the effect of heavy ion beams on human megakaryocytopoiesis.
The effects of heavy ion beams on megakaryocytopoiesis and thrombopoiesis from HSPCs have been investigated. 17) *Corresponding author: Phone: +81-172-39-5938, Fax: +81-172-39-5938, E-mail: ikashi@cc.hirosaki-u.ac.jp
The results showed that CD34 + megakaryocytic progenitor cells (colony-forming-unit-megakaryocytes, CFU-Meg) were much more sensitive to carbon-ion beams than X-rays, and that multiple cytokine combinations such as thrombopoietin (TPO) + stem cell factor (SCF) + Interleukin-3 (IL3) or TPO + SCF + flt3-ligand were more effective for hematopoietic recovery of carbon-ion-irradiated cells. Furthermore, additional cytokines and/or hematopoietic promoting compounds might be required to overcome damage to hematopoietic cells by high-LET irradiation.
18) However, little is known regarding the influence of heavy ion beams on the gene expression associated with the proliferation and differentiation of human HSPCs. Recently, some specific genes that expressed in HSPCs and megakaryocytopoiesis have been reported, [19] [20] [21] [22] and we identified that external stress, such as magnetic fields, responded some of early hematopoiesis-related genes.
23)
The present study examined how heavy ion beams influence the gene expression associated with human hematopoiesis, especially during the early stage of megakaryocytopoiesis. The expression of various genes involved in early hematopoiesis, megakaryocytopoiesis/erythropoiesis, cytokine receptor and oxidative stress were analyzed in human CD34 + HSPCs prepared from placental/umbilical cord blood (CB) and exposed to carbon-ion beam irradiation.
MATERIALS AND METHODS

Growth factors and reagents
Recombinant human TPO and IL3 were kindly provided by the Kirin Brewery Co. Ltd. (Tokyo, Japan). These factors were administered at the following concentrations: TPO, 50 ng/ml; IL3: 100 ng/ml medium. Human AB plasma was provided from the Aomori Red Cross Blood Center. The fluorescence-labeled monoclonal antibodies (MAbs) fluorescein isothiocyanate (FITC)-conjugated anti-human CD34 (CD34), phycoerythrin (PE)-conjugated anti-human CD38 (CD38), PE-conjugated anti-human CD41 (CD41), PE-Cy5 (PC5)-conjugated anti-human CD45 (CD45), mouse IgG1-FITC, mouse IgG1-PE, mouse IgG1-PC5 were purchased from Beckman Coulter Immunotech (Marseille, France). PE-conjugated anti-human tyrosine kinase with immunoglobulin and epidermal growth factor homology domains 2 (Tie2), PE-conjugated anti-human CD110 (CD110), PC5-conjugated anti-human CD45RA (CD45RA), PC5-conjugated anti-human CD117 (CD117), PC5-conjugated anti-human CD123 (CD123) were purchased from Becton Dickinson Biosciences, San Jose, CA).
Preparation of CB CD34 + Cells
This study was approved by the Committee of Medical Ethics of Hirosaki University Graduate School of Medicine (Hirosaki, Japan). After obtaining informed consent from the mothers, the CB (more than 30 samples) for use in this study was collected after full-term deliveries using a sterile collection bag containing the anticoagulant citratephosphatase dextrose according to the guidelines of the Tokyo Cord Blood Bank. These samples were isolated separately and used for each experiment. Within 24 hr after the collection of CB, light-density mononuclear CB cells were separated by centrifugation on a Limphosepar I (1.077 g/ml, Immuno-Biological Laboratories, Takahashi, Japan) for 30 min at 300 g and washed three times with phosphate-buffered saline (PBS) containing 5 mM ethylenediaminetetraacetic acid (EDTA). These cells were then processed for CD34 + cell enrichment according to the manufacture's instructions. An EasySep ® human CD34 selection kit (StemCell Technologies, Vancouver, Canada) was used for the positive selection of CD34 + cells. At the end of the procedure, the CD34 + cell recovery rate from the lightdensity mononuclear cells ranged from 0.47-1.86%, and the purity measured by a fluorescence cell analyzer (EPICS ® XL, Beckman-Coulter, Fullerton, CA) was 83-95%.
Flow cytometry
The expression of specific cell surface antigens was analyzed by direct immunofluorescence flow cytometry using double staining combinations of MAbs, including FITC-CD34, PE-CD38, PC5-CD45, PE-Tie2, PE-CD110, PC5-CD45RA, PE-CD41, PC5-CD117 and PC5-CD123. Briefly, the cells were incubated with saturated concentrations of the relevant MAbs for 20 min at room temperature, washed and analyzed by flow Cytometry. For each experiment, an isotype-matched irrelevant control MAbs was used as a negative control.
In vitro irradiation of CB CD34 + cells
Within 24 hr after the isolation, the CB CD34 + cells were exposed to each type of radiation. Monoenergetic carbon-ion beams (290 MeV/nucleon, LET = 50 keV/μm, about 2 Gy/ min) were generated by an accelerator (Heavy Ion Medical Accelerator in Chiba) at the National Institute of Radiological Sciences, Chiba. 1, 24) In brief, a combination of wobbler magnets and a scatterer was used to obtain a uniform irradiation field. A range shifter made of Lucite disks was inserted just upstream of the samples to decrease the energy and to modulate the LET at the sample position. In the acrylic irradiation chambers of 1 mm thickness, the LET ranged from 60 to 72 when the energy was adjusted to give 50 keV/μm at the sample center. The dose and the dose rate were monitored during irradiation with a parallel-plate ionization chamber placed upstream of the range sifter. Before irradiation of the cell samples, this monitoring ionization chamber was calibrated with a standard ionization chamber placed at the sample position. The standard ionization chamber was calibrated to the national standard. The LETs of the beams were calculated by fitting the measured residual range to the theoretical relationship between the depth and LET.
CFU-Meg progenitor cells analysis
CFU-Meg were assayed using the plasma clot technique.
11) A CFU-Meg-derived colony is composed of megakaryocytes. The plasma clot technique used platelet-poor human plasma supplemented with TPO and IL3. Irradiated CB CD34
+ cells were suspended in 1 ml each semi-solid culture medium, and then were transferred onto 24-well culture plates (Falcon, Becton Dickinson Biosciences, Franklin Lakes, NJ, USA) at 0.3 ml/well.
Total cells counts and total RNAs extraction
CB CD34
+ cells (2.0-3.0 × 10 5 cells/ml in serum-free medium; total volume 0.5 ml/well) were plated on 24-well plates and cultured in serum-free IMDM supplemented with BIT9500 (a serum substitute for serum-free culture, StemCell Technologies). The cytokines were used in various combinations, including TPO and IL3. The cultures were incubated at 37°C in a humidified atmosphere containing 95% air/5% CO2. After 6 and 24 hr, the cells were harvested and the number of viable cells was determined by Trypan blue exclusion. Total RNAs were extracted using RNeasy ® micro kit (QIAGEN, Valencia, CA, USA), and were quantified using a bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (PCR)
Purified total RNAs was quantified using a bioanalyzer (Agilent Technologies Inc., USA). First strand cDNAs were synthesized by iScript cDNA Synthesis Kit (Bio-Rad Lab.
Inc., USA) according to the manufacturer's instructions. The expression of genes was assessed by real-time RT-PCR. Real-time RT-PCR was performed using iQ SYBR Green Supermix (Bio-Rad Lab. Inc., USA) and a SmartCycler ® II (TAKARA Bio Inc., Japan) with typical amplification parameters (95°C for 170 sec, followed by 50 cycles of 95°C for 10 sec, 65°C for 20 sec, and 72°C for 30 sec). Folddifferences were determined by ΔCt values comparing each of the genes irradiated at 0.5 or 2 Gy after 6 or 24 hr to that day 0 of non-irradiation after normalization with GAPDH 
The human oligonucleotide primer sets were purchased from Takara Bio Inc. (Japan). *"F" and "R" mean each forward primer and reverse primer, respectively. that is a housekeeping gene. The oligonucleotide primer sets used in the real-time RT-PCR were purchased from TAKARA Bio Inc., Japan (Table 1) .
Statistical analysis
Two-way factorial ANOVA was used to asses the statistical significance of differences between the control and irradiated groups. Data from multiple groups were also analyzed using the Tukey-Kramer test. A value of P ≤ 0.05 was considered to be significant.
RESULTS
Effects of heavy ion carbon beams on the survival and the proliferation of HSPCs
HSPCs were enriched from human CB according to the Fig. 2 . Biological effects of carbon-ion beams on CFU-Megderived colony formation. CD34 + cells were exposed to 0.5 or 2 Gy carbon-ion beams and cultured with TPO plus IL3 using the plasma clot method. *P < 0.05. Fig. 3 . Behavior of early hematopoiesis-related genes after exposure to carbon-ion beams. Total RNAs were extracted from CB CD34 + cells after irradiated to 0.5 or 2 Gy. The quantification of gene expression was analyzed using the real-time RT-PCR method. The values are the mean ± S.D. of three-five separate experiments. *P < 0.05. expression of cell surface CD34 antigen. In order to assess the co-expressed immature-related antigens such as CD38, CD41, CD45, CD45RA, CD110, CD117, CD123, and Tie2, the expression of each cell surface antigen in HSPCs was analyzed using flow cytometry (Fig. 1) CD45RA antigen, a member of the CD45 antigen family, is expressed in all cells of hematopoietic origin except for erythrocytes. 27) Furthermore, CD110 and CD123 are the receptor for TPO and IL3, respectively. 28, 29) In addition, Tie2 + HSCs are known to be more primitive cells. 30) The results of these cytograms indicate that this population has the characteristics of primitive cells. The following experiments were performed using the HSPCs described above. CD34 + HSPCs were exposed to 0.5 Gy or 2 Gy carbonion beam irradiation and were then assayed for their survival rate by trypan blue at 6 hr and 24 hr after irradiation in the liquid culture conditions supplemented with a combination of TPO + IL3. No significant difference was observed in the cell viability in all of the combinations (data not shown). With respect to the clonogenic potential of HSPCs exposed to carbon-ion beams, the number of CFU-Meg was measured using a plasma clot culture supplemented with TPO + IL3, respectively (Fig. 2) . The control culture with nonirradiated 1000 cells resulted in approximately 79 colonies. When the cells were exposed to 0.5 Gy-irradiation, approximately 59 colonies were observed, thus indicating a 25% decrease to the non-irradiated control culture. Similarly, 2 Gy irradiation led to 33% reduction of the control.
mRNA expression analysis
In order to identify the genomic behavior in response to the irradiation and cytokine stimulations in early stage of hematopoiesis, the expression of various genes were analyzed using quantitative real-time RT-PCR in cells that were exposed to 0.5 Gy or 2 Gy carbon-ion beams and stimulated with TPO + IL3 immediately after irradiation for 6 hr and 24 hr in the liquid culture conditions. As shown in Fig. 3,  FLI1 , an early hematopoiesis-related gene, showed significantly higher expression than the control at 6 hr after irradiation (p < 0.05 by Tukey-Kramer), however, its expression was decreased with time (p < 0.0001 by two-way ANOVA; Fig. 3-[A] ). In contrast, no significant difference was observed in the almost all of the other early hematopoiesisrelated genes such as RUNX1, TIE2, HOXB4 and SPI1, respectively (Fig. 3-[B-E] ). In addition, cytokine receptorcoded gene (EPOR, KIT, IL3RA, MPL, CSF3R and CSF2RA) and the differentiation pathway to megakaryocytopoiesis-related genes (GATA1, ITGA2B, GP1BA, FOG1 and C/EBPα) were also analyzed. Although each cytokine receptor-coded gene shows specific expression behavior with time, no significant difference was observed in comparison to the control (Fig. 4, 5) . On the other hand, all differentiation pathways to megakaryocytopoiesis-related genes tended to show a significant upregulation (P < 0.01 by twoway ANOVA); however, no significant difference was observed in comparison to the control.
Genes associated with oxidative stress were also analyzed. There was a remarkable increase of heme oxygenase 1 (HO1) and NAD(P)H:quinone oxidoreductase 1 (NQO1) observed in the non-irradiated control cells stimulated with cytokine alone at 6 hr after carbon-ion beam irradiation (Fig.  6-[A], [B] ). At the same time, the expression of HO1 The human oligonucleotide primer sets were purchased from Takara Bio Inc. (Japan). *"F" and "R" mean each forward primer and reverse primer, respectively. The human oligonucleotide primer sets were purchased from Takara Bio Inc. (Japan). *"F" and "R" mean each forward primer and reverse primer, respectively.
showed a 1.53-fold and 11.9-fold increase from the initial value at 24 hr after 0.5 Gy and 2 Gy irradiation, respectively ( Fig. 6-[A] ). Furthermore, all of the expression observed at 6 hr significantly decreased in the cells at 24 hr. At the same time, there were significant differences among each HO1 value observed at 24 hr. Similarly, the NQO1 expression also increased 22.0-fold and 21.8-fold at 6 hr in comparison to the initial value (Fig. 6-[B] ). On the other hand, the expression of nuclear factor-kappa B1 (NFKB1) showed no significant change (Fig. 6-[C] ).
DISCUSSION
The expression of various genes involved in early hematopoiesis, megakaryocytopoiesis/erythropoiesis, cytokine receptors and oxidative stress were analyzed in human CD34 + HSPCs prepared from CB exposed to carbon-ion beam irradiation to determine how heavy ion beams influence gene expression in human hematopoiesis and megakaryocytopoiesis. Both of 0.5 and 2 Gy-carbon-ion beam resulted in a significant decrease of CFU-Meg-derived colony formation (Fig. 2) . Some of the genes involved in early hematopoiesis respond to carbon-ion beam irradiation. In particular, the expression of FLI1, which is expressed specifically in relatively primitive hematopoietic stem cells, showed a significant difference in the cells exposed to carbon-ion beam irradiation after 6 hr in comparison to the nonirradiated control. FLI1, is an ETS transcription factor and an oncogene, and regulates the early proliferation and differentiation of primitive hematopoietic stem cells in association with other molecules such as TAL1. [31] [32] [33] [34] Although the precise mechanisms remain to be elucidated, the results suggest that FLI1 affects the growth of CFU-Meg to some extent.
A remarkable increase in both HO1 and NQO1, which act as the intracellular antioxidant molecules regulated by NF-E2 related factor-2 (Nrf2), 35) was observed in the non-irradiated control cells stimulated with cytokine alone at 6 hr ( Fig. 6-[A], [B] ). In hematopoietic cell lines, cytokine stimuli have been reported to induce rapidly the reactive oxygen species (ROS) generation. 36) In addition, erythropoietin activates the HO1 expression of renal endotherial cells. 37) Therefore, these molecules are also thought to be induced through the generation of ROS in HSPCs. Furthermore, a few recent reports have demonstrated that HO1 and NQO1 played roles in not only antioxidation but also in hematopoietic differentiation.
32) The present results are consistent with the findings of these studies. At the same time, the expression of NQO1 significantly increased in the irradiated cells in comparison to the non-irradiated control at 6 hr after irradiation (Fig. 6-[B] ). In addition, the expression of HO1 showed an increase dose-dependently at 24 hr after irradiation (Fig. 6-[A] ). In contrast, NFKB1, a gene code nuclear factor-kappa B (NF-κB), showed no significant difference between the nonirradiated control cells and the cells exposed to radiation (Fig. 6-[C] ). Cellular antioxidant capacities or suppression of inflammatory responses are involved in redox-sensitive transcription factors such as Nrf2, NF-κB, and activator protein-1 (AP-1). Surh et al. reported that a wide variety of chemopreventive phytochemicals prevents carcinogenesis either by enhancing cellular antioxidative and detoxification enzymes via activation of Nrf2 or by suppressing induction or overamplification of proinflammatory and growth promoting gene expression driven by NF-κB or AP-1.
35) A variety of edible phytochemicals are able to activate Nrf2 signaling thereby upregulating a set of enzymes including NQO1, superoxide dismutase, glutathione S-transferase, HO1, and γ-glutamyl cysteine ligase. [38] [39] [40] Marrot et al. reported that UV-irradiated normal human keratinocytes and melanocytes react to oxidative stress and are protected from cellular damage. 41) Kagiya et al. also showed that the Nrf2 response system protects from the oxidative stress of ultrasound.
42) It is possible that oxidative stresses from heavy ion beams additively promoted these expressions to protect their damages.
O'Brien et al. showed that the natural peroxisome proliferator-activated receptor gamma ligand induced HO1 expression and then thrombopoiesis in primary human megakaryocytes. 43) Our results in regard to the continuing HO1 expression after irradiation demonstrated that HO1 might comparatively adapt to megakaryocytopoiesis of irradiated HSPCs with keeping HSPCs away from oxidative stress-induced danger signals. In fact, we previously reported that the megakaryocytopoiesis-induction of irradiated HSPCs tended to be more specific. 17) However, the totally protective activity of HO1 from heavy ion beaminduced damage is not so effective (Fig. 2) . Therefore, cytokine combinations alone used in the recent study cannot sufficiently recover damages of heavy ion beam-irradiated HSPCs. 17) This finding is also consistent with the findings of our previous report. In addition, this is the first report of an early induction of HO1 and NQO1 in HSCs exposed irradiation.
Currently, there is an increasing interest in heavy ion radiotherapy and a number of new facilities are being installed in Europe and Japan. 4) This development is accompanied by intensive technical, physical, and clinical research. On the other hand, it is necessary to solve the problems regarding ion beam irradiation in nuclear accidents and in space missions. Previous reports have indicated that the main biological effects of high-LET irradiation are a direct action on the DNA itself. 44) However, since our present study showed the biological effects of heavy ion beam irradiation are complexly involved in the gene expression regulations related to the proliferation and differentiation of human HSPCs under cytokine stimuli, these further precise mechanisms therefore also have to be investigated in order to resolve the above issues.
